The phages HPlcl and S2 and a defective phage of Haemophilus influenzae have been compared. The morphology of the phages and the mol wt of their DNAs are similar, although the defective phage appears to have a different tail plate region. Electron microscope observation indicates that the defective phage does not attach to the cell surface, and its DNA appears to lack cohesive ends. The homology of the DNAs of the phages has been measured by hydridization. DNA from the defective phage shows little or no homology with the other phage DNAs. HPlcl and S2 DNAs show a high level of homology. Each of these phages can form plaques on lawns of the lysogen of the other phage but at reduced plating efficiencies, suggesting that the two phages have related but not identical immunity systems.
The phages HPlcl and S2 and a defective phage of Haemophilus influenzae have been compared. The morphology of the phages and the mol wt of their DNAs are similar, although the defective phage appears to have a different tail plate region. Electron microscope observation indicates that the defective phage does not attach to the cell surface, and its DNA appears to lack cohesive ends. The homology of the DNAs of the phages has been measured by hydridization. DNA from the defective phage shows little or no homology with the other phage DNAs. HPlcl and S2 DNAs show a high level of homology. Each of these phages can form plaques on lawns of the lysogen of the other phage but at reduced plating efficiencies, suggesting that the two phages have related but not identical immunity systems.
Three independently isolated bacteriophages of Haemophilus influenzae have been reported: HP1 and the mutants cl and c2 derived from HP1 (9), S2 (J. W. Bendler, Ph.D. thesis, The Johns Hopkiins Univ., Baltimore, Md., 1968), and N3 (10) . The phage N3 is morphologically unrelated to the other two phages; it has a longer tail and no contractile sheath. The host of N3 is strain 9, whereas the host for the other two phages is strain Rd. In addition to these phages, electron microscopy has provided evidence for the existence of defective phages induced by UV irradiation of strains Rb and Rd (12) . In crude lysates these phages appeared to have empty heads and thus presumably did not contain DNA. Purification of defective phage from strain Rd results in virus particles that do contain DNA. This paper presents comparisons of morphology, DNA, and immunity characteristics of the defective phage and the temperate phages of strain Rd (HPlcl and S2).
MATERIALS AND METHODS
Microorganisms. H. influenzae strain Rd was originally obtained from R. M. Herriott. The UVresistant mutant of strain Rd, BC200 (1), was supplied by B. J. Barnhart. The phages HPlcl and S2 were obtained from W. Harm and J. W. Bendler, respectively.
Growth of cells and phage, labeling of phage and cell DNA with [3H]thymidine, and purification of cell DNA. These procedures have been described previously (5, 11) . HPlcl or S2 phage was plated with about 8 X 107 lysogenic cells in 2 ml of 0.3% soft top agar instead of the usual 2.5 ml of 0.6% agar. Under these conditions the plaques formed with one phage on lysogens of the other phage were visible enough to count. Preparation of phage DNA. Phages were purified and DNA was extracted as previously described (5) . In some cases, bacterial DNA present in the crude lysates was degraded with 100 g of pancreatic DNase per ml in the presence of 0.5 mM MgSO4 before purification of the phage, or the phage preparation was treated with DNase after being banded in CsCl. The amount of HPlcl or S2 DNA was calculated from optical density (OD) measurements. For hybridization, phage DNA was extracted with phenol, followed by exhaustive dialysis against distilled water to remove the phenol.
Electron microscopy. Droplets of phage suspension or mixtures of bacteria and phage were pipetted onto carbon-coated parlodion films supported on 400-mesh copper grids and allowed to adsorb for 2 min. Preparations were rinsed by touching the sample meniscus to water, and the excess water was withdrawn by touching the grid to filter paper. Samples were negatively stained by placing a drop of 1% aqueous uranyl acetate on the grid and immediately withdrawing the excess stain with filter paper (7) . Electron micrographs were made with a Siemens Elmiskop I electron microscope at magnifications calibrated with a Fullam (54,864 lines/inch; 21,600 lines/cm) diffraction grating replica. Measurements were made from projections of the calibrated electron micrographs.
Defective phage DNA was prepared for electron microscopy as previously described (5 (12) . Thus we cannot conclude from the lack of visible phage pellet that strain BC200 is cured of its defective phage.
The fact that the defective phage from strain Rd bands in CsCl at a position similar to that of HPll indicates that it contains DNA. This conclusion is substantiated by the velocity sedimentation data presented below for thymidine-containing material extracted from defective phage.
Morphology of defective phage, HPIcl, and S2. Examination of crude lysates of defective lysogens showed primarily separate heads anld tails. The rare intact particles were concentrated by banding in CsCl. Electron micrographs of the intact defective phage, HPlcl, and S2 are shown in Fig. 1 . All exhibit similar morphologies, hexagonal heads, and elongated tails with repeating crosswise stripes. The tails consist of contractile sheaths covering internal cores. The tails of HPlcl and S2 terminate in well-defined tail plates with extended tail fibers, but the defective phage appears to have a poorly defined plate and rudimentary tail fibers.
Structural measurements made on the three phages are presented in Table 1 Fig. 2 . Strain Rd begins to lyse about 2 h after treatment, but strain BC200 shows no evidence of lysis. Such OD measurements were used to determine whether BC200 cells could be lysogenized by inducible defective phage as follows. A fresh preparation of concentrated defective phage was added to exponentially growing cells of strain BC200 at 109 phage/ml, and after incubation at 37 C for 30 min the mixture was plated. There was no measurable lethal effect of the exposure to the phage. Colonies were picked, grown up, and treated with mitomycin C. None of the 120 clones tested showed evidence of lysis at 2 and 3 h after treatment with mitomycin C. We estimated from similar experiments with phage HPll that at least 10% of the cells might be expected to become lysogenized under these conditions. Since OD did not drop in any of the cultures, it was tentatively concluded that the defective phages either do not attach to strain BC200 or do not inject their DNA. Electron microscopic observation of BC200 as well as Rd cells exposed to defective phage or to HPlcl showed that 2.0- HPlcl phages attached to cells by their tails, whereas the defective phage did not attach to either strain.
Size and cohesive ends of phage DNA. Sedimentation profiles of labeled DNA extracted from HPlcl, S2, and the defective phage are shown in Fig. 3 a The first two sets of hybridizations were performed with one disk at a time incubated with labeled DNA. In the last two sets, the disks were incubated with labeled DNA together.
b Calculated as the square root of the ratio of heterologous to homologous fractions annealed (5). Table 4 shows some of the transformation data for the streptomycin marker obtained from defective phage preparations after they were banded in CsCl and the DNA was released. It is clear that there is some bacterial DNA present, Table 4 with the erythromycin marker, which is not linked to the streptomycin marker. These data rule out hypothesis (i).
The fact that DNase treatment after CsCl baniding eliminates transformation (Table 4) but not hybridization to BC200 (Table 3) does not provide a definitive test of hypothesis (ii), since the phages are susceptible to breakage, as judged by the fact that such treatmenlt degrades much of the DNA (Table 3) . Therefore we consider that our data do not distinguish between hypotheses (ii) and (iii phage, however, seems to exhibit an altered tail plate-fiber assembly, which could possibly account for the lack of attachment of this phage to the bacterial cell. The lack of cohesive ends in defective phage DNA may be another reason why no host has been found for this phage.
The DNA of the defective phage shows little or no homology with that of the other two phages, although it is approximately the same size. Thus very different nucleotide sequences can code for structures that are almost indistinguishable in gross morphology.
Although there is a high degree of homology between HPlcl anld S2 DNAs, the repressors coded for by the two phages, or the regions of the DNA that bind the repressor, must be differ-
